Purpose The purpose of this study was to present a retrospective comparative overview of the Ilizarov non-free bone plasty techniques of one-stage multilevel fragment lengthening and gradual tibilisation of the fibula used for extensive tibial defect management. Methods Extensive tibial defects in 83 patients were managed either by multilevel fragment lengthening (group I, n=41, mean defect size 13.1±0.9 cm) or gradual tibilisation of the fibula (group II, n = 42, mean defect size 12.5 ± 1.2 cm) using the Ilizarov apparatus. The initial findings, treatment protocols and outcomes of those patients treated within the period 1972-2011 were studied retrospectively by medical records and radiographs, and statistically assessed with Microsoft Excel and Attestat software. Results Group I had multilevel fragment lengthening over one stage that averaged 288.0±14.4 days. The mean total period of gradual tibilisation of the fibula in group II was 316.0±29.7 days. The patient's age in the latter group had an effect on the completeness of leg-length equalisation. Conclusions The techniques can be used to manage extensive tibial defects as all the defects bridged, leg-length discrepancy and deformity were corrected and patients were able to load their limbs.
Introduction
Poor outcomes in the management of long-bone defects with free allografts or autografts were associated, first of all, with the lack of good intraosseous blood flow and prolonged bone tissue remodelling in cases of massive replants [1] . Infection, rejection, degradation, non-union and allograft or autograft fractures were the most observed complications with their rate in the range of eight to 60 % [2] [3] [4] . Therefore, the use of vascularised autografts for extensive tibial defects was considered to be the most effective method of reconstructive bone surgery [5] [6] [7] . Nowadays, the Ilizarov non-free bone plasty and free vascularised autografts have been universally acknowledged as two alternative ways for bone defect management [8, 9] .
Ideally, the Ilizarov bone plasty implies a gradual transport of a vascularised osteotomised bone autograft that is enveloped into soft tissues and induces guided tubular bone formation in the defect gap both in length and shape. The system of Ilizarov bone reconstruction for defect management is based on two main techniques: lengthening of a defect fragment through an osteotomy with consolidation of the transported fragment at the docking site, and gradual tibiofibular synostosis or gradual tibilisation of the fibula. Each of them may include specific ways or technical solutions that are used according to a particular orthopaedic situation and clinical rehabilitation objectives. The technique of bone defect fragment lengthening is implemented by bifocal or polyfocal osteotomies and osteosynthesis when one or several distraction regenerates are formed followed by union at the docking site. The technique of tibilisation uses gradual transport of an osteotomised cylindrical fibular fragment or of a split fibular portion in the medial direction into a tibial defect for further union with the tibial fragments [10, 11] .
It was believed that the most rational and efficient way of filling in long-bone defects would be lengthening of one tibial fragment in one stage to the amount in the range of five to ten centimetres as far as such a volume of a new regenerated bone could be provided by high level distraction osteogenesis and would result in the optimal treatment time and rehabilitation process [10] [11] [12] .
However the reported outcomes and our clinical findings showed that hypoplastic bone formation could happen during defect filling when a single-level distraction regenerate was grown to more than five centimetres or to the length that exceeded 40 % of the original segment. Thus, osteogenesis was delayed in 1.6-13.8 % of the cases when one-stage defect fragment lengthening was used to the amount of eight to ten centimetres, and the distraction regenerate tended to assume the shape of an hour-glass [11] . It was also reported that in total nine to 18 months were necessary if one-fragment lengthening was used to manage tibial defects that ranged from six to 12 cm [11] [12] [13] [14] .
The aim of our retrospective comparative study was to present an overview of the two techniques of the Ilizarov non-free bone plasty used for extensive tibial defects in the cases when it was impossible or doubtful whether the deficiency of the tibial bone stock could be completely restored at one distraction osteogenesis level. We planned to analyse the completeness of defect filling, total treatment time, and the indications to use the techniques of multilevel fragment lengthening and fibula transport for tibial reconstruction in the studied groups.
Materials and methods
Our series were one-stage approaches for managing extensive tibial defects of more than ten centimetres in 83 patients who were treated either by multilevel lengthening or gradual fibula tibilisation at our specialised clinic and who were followed up for not less than one year (range one to ten years).
Group 1
Group 1 comprised 41 patients who were treated from 1992 till the end of 2011 by multilevel distraction osteogenesis that was produced on one or both tibial fragments (Table 1) . They had had a total of 129 unsuccessful previous interventions, including 32 operations using Ilizarov techniques at other clinics. Thirty-one patients (75.6 %) had scarred soft tissues that adhered internally to tibial fragments. In group 1, we used two technical solutions for tibial defect management: lengthening of one fragment by bifocal proximal fragment distraction in 21 cases and by bifocal distal fragment distraction in six cases, or lengthening of both fragments in 14 cases (Fig. 1) , including four cases of combining lengthening of one fragment at one level while the other was lengthened bifocally.
Group 2
Group 2 included 42 patients who were treated using the technique of gradual tibilisation of the fibula to reconstruct (Table 1) . Thirty-two cases (76.2 %) were subtotal defects. Nine patients had associated diaphyseal defects in the fibula. The fibula was hypertrophic and mimicked the deformity in the tibia in 33 cases. All the patients had marked blood supply disorders in the lower leg. Arteriography and Doppler radiography revealed main stream circulation disorders in the pools of the posterior and anterior tibial arteries in 39 patients (92.8 %). All the patients had soft tissue scarring in the area of non-unions, and the scars were internally adherent to the adjacent ends of the tibial fragments in 14 patients. Each patient had undergone four or more surgical procedures prior to admission to our department. In group II, the fibula was osteotomised at two levels that corresponded to the levels of the tibial fragments ends in the defect, and the fibular fragment was gradually transported in a medial direction to the tibial gap in three to four steps a day, 0.25 mm each (Fig. 2) .
Compression was produced at the docking sites with the tibial fragments for tibiofibular synostosis. Moreover, we simultaneously performed longitudinal stretching on the fixator rods to reduce anatomical shortening when it was possible. Preoperative data, operative data, duration of treatment, functional outcomes, and complications were studied in both groups.
Microsoft Excel and version 1.0 of the AtteStat software were used for statistical processing [15] .
The study was approved by the institutional ethics committee and was conducted in accordance with the ethical standards laid down in the Declaration of Helsinki. The study of human subjects followed the rules of clinical practice in the Russian Federation (RF Ministry of health order # 266 from 19.06.03). Fig. 1 a A 15 -cm post-traumatic defect of the right tibia associated with soft and vascular disorders in a 37-year-old patient due to explosion was fixed with the Wagner device on admission. He had thermal burns, partial free skin grafting of the extensive wound with necrosis and granulation on the anteromedial side of the leg, absent pulsation of the tibialis аnterior and dorsalis pedis, reduced arterial tone and marked asymmetry of blood filling, as well as impaired venous outflow according to ultrasound Doppler reovasography. b Both tibial fragments had corticotomies and were transported with distraction guiding wires at a rate of 0.25 mm three to four times a day for 68 days at the proximal distraction level and 90 days at the distal one. c Bone transport of the third fragment followed after an additional corticotomy of the proximal fragment at a rate of 0.5-0.75 mm a day for 67 days; adaptation at the docking site was open. Fixation with the frame on was 165 days. The wound closed by the end of fixation. d Outcome at a 1.5-years followup
Results
In group 1, all the defects bridged either by simultaneous distraction regeneration at the osteotomised levels, or an additional corticotomy was used during the distraction period for consecutive trifocal lengthening (Fig. 1) . Distraction osteogenesis was complicated in four cases as the guiding olive wires cut out of the elongated fragments due to osteoporosis, and those wires were replaced. The tibial artery was injured during the performance of an additional corticotomy in a nine-year-old patient that resulted in post-traumatic aneurism that was resected and sutured. That complication did not affect the outcome or treatment time. Axial alignment and consolidation were achieved in all cases. No age to outcome relationship was observed in this group, and the residual shortening in four cases was functionally useful due to ankle ankylosis or contracture. At follow-up, all patients walked without additional aids (Table 1) .
We used gradual medial fibular fragment transport alongside simultaneous deformity correction in group 2 patients (Fig. 2) . All the defects bridged, but it was not possible to restore limb-length completely in six adults older than 40 years of age and growing children in one stage. All the patients could bear weight after the reconstruction, and the treatment was limb-salvage (Table 1) .
Ten patients developed superficial peroneal nerve neuritis and two had peroneal nerve paresis. We reduced the transport rate or stopped distraction for two to three days, and administered analgesics until the signs were relieved. Seven patients had soft tissue infection around the wires treated by both local injections and general administration of antibiotics. One patient who had wire osteomyelitis required an additional debridement surgery (sequestrectomy).
Deformities due to full loading immediately after apparatus removal occurred in six patients, and they had reoperations. In 13 cases limb discrepancy did not exceed three centimetres and was functional due to ankle ankylosis.
The comparison of initial findings showed that the groups were different in several parameters at the onset of treatment though the mean bone defect size was similar. Group 1 tibial fragments were of bigger sizes, the aetiology was mostly post-traumatic and the location was mainly in the middle or lower diaphysis in 33 cases. In group 2, lengthening procedures and consolidation of the atrophic tibial fragments mostly after necrotic bone resection were technically impossible due to subtotal defects, fragments' small sizes and incongruent shape, disturbed major blood flow in the involved segment, low potential of bone tissue to regeneration, and soft tissue degeneration due to rough scars. Therefore, the fibula was used to reconstruct the tibia in such conditions. Fig. 2 a X-rays of a 6-year-old patient treated in 2010 who had a 7-cm diaphyseal defect of the left tibia with icicle-like fragment ends, varus and recurvation deformity (165/165°), proximal fibular head dislocation, and anteromedial rigid skin scars adhered to the fragment ends as a consequence of umbilical sepsis. Thick fibula mimicked the deformity of the tibia. b Ilizarov frame was applied for 70 days to correct the deformity and bring the fibula head down. c Double osteotomy of the fibula followed. d The cylinder-like fibular fragment was transported for 29 days to be docked to the tibial fragments, and fixation was 113 days. e Total treatment was 217 days. Residual discrepancy was 3 cm on Ilizarov frame removal
Discussion
Extensive bone defects remain a challenge for orthopaedic surgeons in so far as the number of high energy injuries has been constantly growing. The Ilizarov method has been universally accepted as a method of choice among the orthopaedic community [12] [13] [14] . But the practical application of the Ilizarov single level transport to bridge the defect gap in the range of six-12 cm required prolonged fixation in the frame or featured delayed regeneration [11] [12] [13] [14] . Our results in group 1 show the possibility of bone stock gain at the expense of multilevel lengthening for a shorter total osteosynthesis period and prove our reported experimental findings of sufficient regeneration by multilevel distraction for defect filling [16] .
Several studies have shown that the degree of regenerated bone maturation should be considered during defect management. It was shown that the docking site union was the main factor for Ilizarov frame removal as the time of regenerated bone remodelling during fixation would also be sufficient for the contacting regenerate remodelling to provide union at the docking site, independent of open or closed variants [10, 11, 16, 17] . Therefore, the decision about the Ilizarov frame removal time should be one of the key moments during extensive defect management [11, 16, 17] . Nevertheless, failure to achieve docking site union has been reported in one fragment transport [2, 4, 13, 14] . According to our findings, failures occur due to the fact that the remodelling and continuous cortex in the regenerate peripheral areas develops earlier than the docking site union [11] . Therefore, the quality of the docking site union was considered first before Ilizarov frame removal, and resulted in consolidation in all our cases.
According to the literature, the techniques of acute nonvascularised contralateral or ipsilateral fibula transfer have resulted in limb weight-bearing in the majority of cases, and those techniques were considered technically easier than microvascular and Ilizarov techniques [18, 19] . However, their chances for success in the conditions of poor blood supply would be very low. Therefore, experienced surgeons prefer vascularised fibula grafts for extensive tibial defect management but their harvesting is either frequently technically difficult, or the transplantation itself is not possible. Clinical practice has also shown that the treatment time was longer when vascularised fibula transposition technique was used in the conditions of poor blood supply [20] . Having acknowledged the advantages of using free vascularised fibular grafts, some authors noted that the main problem was fatigue fractures of the fibula grafts that required additional interventions [5-7, 20, 21] . A free vascularised fibular graft reorganises slowly or frequently features secondary resorption as the transcortical blood outflow and blood recirculation in the transplanted fragment impede the donor bone acquisition of the required size. Therefore, the patients were advised not to bear weight on the operated limb until the graft hypertrophy developed. Moreover, free bone plasty with arteriovenous shunting results in a prolonged and traumatic intervention followed by administrations of medication [4, 9] .
The Ilizarov non-free bone plasty made it possible to manage defects without free bone and skin grafts. The fibula seems to be a good biological graft when used for the Ilizarov tibiofibular synostosis that is less traumatic and costly as there is no need to intervene on the contralateral segment. Gradual transport of the fibular fragment does not affect the nutrient vessels and results in regeneration and consolidation [6, 11, [22] [23] [24] .
To date, the reported series of fibula tibilisation, though not large, have been encouraging for avoiding amputation [6, 11, [22] [23] [24] . Ours is the largest historical series of patients, and demonstrates that the technique can be carefully carried out at a specific transporting rate thus reducing the incidence of peroneal neuropathy or paresis which could happen by acute fibula transfer in the conditions of scarred soft tissue.
In our view, gradual transport of the fibula should be considered as an alternative method to free bone plasty. Nevertheless, we should point out that the best anatomical outcomes were obtained when bone defects were compensated using the transported massive fibula fragment after double osteotomy and simultaneous stretching of the tibial gap. This contributed to the leg axial alignment and length correction. Also, this type of tibial reconstruction enables correction of associated foot deformities and avoids using preliminary skin plasty for soft tissue scars.
The Ilizarov tibilisation technique requires meticulous planning adapted to each surgical case. The differentiated and individual approach allowed us to equalise leg length in 29 cases of group 2 in one stage. Patients' age had an effect on the lower leg-length correction. Thus, the reconstructive tibilisation of the fibula provided a complete elimination of leg discrepancy in 18-30-year old patients. In patients older than 40, it was fully corrected in two cases while all the defects bridged.
Conclusions
The two techniques of non-free Ilizarov bone plasty to manage extensive tibial defects can be used when it is impossible or doubtful whether the deficiency of the tibial bone stock can be completely achieved with a single level transport. The multilevel lengthening was possible in a better initial tibial bone condition while tibilisation can be used for subtotal tibial defects with satisfactory outcomes. Non-free vascularised bone grafts represent a useful biological treatment for surgical repair of extensive tibial defects. Patients have a good chance for limb salvage and acceptable function. However, because of the delicate operative techniques the operations should be performed by skilled surgeons in specialised departments.
